An intermodal switch based on optically induced (through the Kerr effect) periodic coupling in a two-mode waveguide is described and demonstrated.
All-optical switching devices utilizing waveguides are of current interest for use in high-speed optical signalprocessing and telecommunication systems. '-8 In this Letter we describe a new type of all-optical switch using optically induced periodic coupling between two waveguide eigenmodes.
This device uses a two-mode waveguide whose internal field pattern results from the superposition of two (symmetric and antisymmetric) modes. This results in the formation of a high-intensity lobe in the cross section of the waveguide whose position with regard to the waveguide center line oscillates periodically along the length of the waveguide with a period equal to the modal beat length, as indicated in Fig. 1(a) . A number of devices using this two-mode interference have been described elsewhere. 8 -10 In the present device a high-power beam (a pump beam) is launched into both modes, and periodic intensity variations result, through the optical Kerr effect, in corresponding periodic changes in refractive-index distribution over the waveguide cross section, which constitute a dynamic axial index grating. A low-intensity probe beam fed simultaneously into the waveguide then experiences intermodal coupling if its beat length is similar to that of the pump.
Let us consider a simplified model for the above grating, as shown in Fig. 1(b) , in which the refractive indices of the upper and the lower halves of the core are alternately modulated with a constant increment An and a spatial period A that corresponds to the modal beat length of the pump beam in this waveguide. If we assume that the total pump power is localized in one half of the core and that all fields are polarized in the same direction, An is given by'" An = 1927r 2 xP/cn 5 v 2 A, where X is the third-,rder susceptibility in esu, P is the total pump power, c is the speed of light, naV is the average index, and A is the core area.
Consider now a probe beam propagating with a field distribution of i1(x, y) in the symmetric fundamental mode and 42(x, y) in the antisymmetric second-order mode, where f, and 02 are each normalized to carry unit power. The probe beam should be separable from the pump beam by its wavelength or propagation direction. When the spatial frequency of the grating 27r/A is close to the difference in propagation constants of the two modes, AO = 01 -02, and assuming that the probe beam enters in the fundamental mode at z = 0, it can be shown using conventional coupledmode theory' 2 ' 1 3 that FWHM pulse width) was used as the source for both pump and probe signals, which were fed into the fiber in opposite directions to allow them to be separated at the output. The probe signal power was approximately 1% of the pump power. Here, input and output fiber ends are defined with respect to the probe signal.
The pump beam passed through a variable attenuator and a polarizer and was focused onto the output end of the fiber core by a 1OX microscope objective.
The polarizer was oriented along one of the eigenpolarization axes of the fiber. The pump beam was launched offset from the center of the fiber core in such a way that the two fiber modes were excited with approximately equal power.
The probe beam, split from the laser output, was focused onto the input end of the fiber. The probe pulse overlapped with the counterpropagating pump pulse in the middle of the fiber. A short section of the fiber was coiled near the input end with a tight radius to strip off the light contained in the second mode so that the probe beam entered the interaction (overlap) region in only the fundamental mode. The probe output from the fiber passed through a polarizer so that only the same polarization component as that of the input pump was directed to the detector. To detect only the fundamental-mode component of the output of the probe beam, a silicon P-I-N detector was located at the center position of the fundamental-mode radiation pattern, where the second mode always has zero intensity. Figure 3 shows observed time waveforms of the probe output beam pulse at the detector for different peak pump powers, as well as near-field spatial mode patterns of the probe outputs taken with an infrared vidicon camera. The pump-free (Ppeak = 0) probe output pulse [ Fig. 3(a) ] had the same shape as the input pulse, and the mode pattern on the right corresponds to that of the fundamental mode. When the peak pump power was increased to 100 W [ Fig. 3(b) ] the probe power in the time range near the peak of the pump-free pulse decreased, owing to conversion to the second-order mode. The corresponding mode pattern, which is integrated over the interaction time, clearly shows the second-order mode. As the peak pump power was increased to 273 W [ Fig. 3(c) ] the probe power near the time of the peak of the pumpfree pulse was largely recovered, indicating that the second-mode power was coupled back into the fundamental mode, as confirmed by the mode pattern.
The fundamental-mode power at the time of the peak of the pump-free pulse was measured as a function of the peak pump power and is shown in Fig. 4 . As the pump power increases, the optical power in the fundamental mode oscillates as expected from the theory. Figure 4 covers the first cycle of oscillation. It is strong evidence of coherent periodic coupling.
In Fig. 4 we can see that the rate of change of the coupled power decreased with increasing pump power. In Fig. 3 we observe that the maximum mode coupling occurred -30 nsec ahead of the peak of the probe pulse. These can be explained by the degradation of the index-grating contrast owing to self-phase modulation. With high pump power input, the pump pulse undergoes spectral broadening along the fiber owing to self-phase modulation,' 4 and the coherence between the two modes decreases because of their group- velocity difference. It follows that the visibility in the two-mode interference, and thus the grating strength, decreases as the pump pulse propagates along the fiber. In this case efficient mode coupling occurs mainly in the output section of the fiber, resulting in maximum mode coupling at the rising part of the probe pulse that coincides with the peak of the counterpropagating pump pulse at the output section of the fiber as seen in Fig. 3 .
Another configuration of the intermodal switch is possible using the same principle but with copropagating pump and probe beams. In this case the pump wavelength should be different from the probe wavelength, and the waveguide should have similar beat lengths at the two wavelengths. The probe output could then be separated from the pump by using a dispersive element. We should mention that the modal beat length can be insensitive to wavelength variation, especially near the wavelength where the group velocities of the two modes are matched.' 0 For example, the modal beat length of the fiber used in Ref. 10 was measured to vary less than 1% over the wavelength range of approximately 450-550 nm, while the group-velocity-matched wavelength was -500 nm. If the pump wavelength is chosen to be close to the wavelength where the two-mode group velocities are equal, a grating with good contrast is obtainable over a long length of the fiber despite some spectral broadening caused by self-phase modulation. It is also possible to design a waveguide in which the two modes have nearly equal group velocities over a wider wavelength range. This would further reduce the pulse walk-off between the two modes and also between the pump and the probe beams. In this case, a long length of fiber could be used to lower the required pump power without losing switching speed.
In conclusion, we have shown that all-optical intermodal switching is possible in a two-mode waveguide using periodic index modification through the optical Kerr effect.
